). Immunochemical and enzymatic studies on glutamate dehydrogenase and a related mutant protein from Neurospora crassa. J. Bacteriol. 91:1888Bacteriol. 91: -1895Bacteriol. 91: . 1966.-When an investigation was made of the inhibition of Neurospora glutamate dehydrogenase by bivalent and univalent antibodies, it was shown that the enzyme inhibition is not complete even with excess antibodies. The residual activity was some three times greater with bivalent antibodies, in spite of the observation that the ratio of inhibiting antibodies to catalytic sites was 2:1 for both types of antibody. Substrates did not affect the inhibition of enzyme activity, nor did antibodies affect the Km for either substrate. An allosteric mechanism for the inhibition of glutamate dehydrogenase by antibodies is proposed. It was also demonstrated that the mutant protein am-3 can be activated, to show glutamate dehydrogenase activity, by a number of activators. The requirement for the activation was the presence of a carboxymethyl group. The data suggest that the nonactivated protein has two combining sites for L-glutamate: the catalytic and activating sites. The wild-type enzyme has only one of these sites. Because the activating site is distinct from the catalytic site, an allosteric mechanism was postulated for activation. Inhibition of am-3 activity by antibodies is achieved either by a mechanism similar to the inhibition of wild-type activity or by the antibodies preventing the activation of the mutant protein. The am-3 protein can be activated by antibodies. Consequently, there appeared to be a relation between the phenomena of enzyme inhibition and am-3 activation by antibodies; i.e., they alter the configuration of the catalytic site. This alteration was necessary for the activation of am-3, but inhibited the activity of the wild-type enzyme.
protein (8) . The mutant am-3 produces a protein that can be activated to show glutamate dehydrogenase activity; it is also immunologically similar to the wild-type protein. This mutant was chosen for further study.
To determine the extent of the similarity that exists between these two proteins, it was necessary to have criteria by which the mutant protein could be compared with the wild-type enzyme. The primary basis of comparison employed was the inhibition of catalytic activity by antibodies. The wild-type enzyme was studied with respect to its inhibition by both bivalent and univalent antibodies to elucidate something of the inhibition mechanism.
An investigation of the activation phenomenon had to precede any comparison between the inhibition by antibodies of the wild-type and mutant enzyme activities. From these studies it has been possible to propose a mechanism for the activation of the mutant protein and for the inhibition of both the wild-type and mutant enzyme activities by antibodies.
MATERIALS AND METHODS
Neurospora strains. The wild type (am+) used was initially derived from strain 74A (6) , and the mutant am-3 was described by Fincham (2) .
Growth of cultures. The cultures were grown on Vogel medium (unpublished data) (liquid or with agar) at 25 C, and were supplemented with 5 mm alanine when necessary.
Preparation of extracts. Extracts for purification and immunization were prepared from frozen mycelium in an MSE Atomix blender with Dry Ice (3) . Smaller quantities for assay were prepared by grinding with a pestle in a mortar with ground glass and buffer. All extracts were made with 0.05 M phosphate buffer (pH 8.0), with 0.001 M ethylenediamine tetraacetic acid (EDTA) added.
Purification. The enzyme glutamate dehydrogenase (GDH) was purified from the crude extract by the method described by Fincham (3) .
Enzyme assay. The enzyme activity was measured by following the reduction of NADP by optical density measurements at 340 mg. The reaction mixture for the wild-type enzyme was: enzyme, 0.2 ml of 0.5 M sodium L-glutamate, 0.2 ml of 4.8 X 10-1 mM NADP (0.2%), made up to 3 ml with 0.05 M tris(hydroxymethyl)aminomethane (Tris)-HCl buffer (p14 8.4) . The enzyme assay was carried out in a 1-cm silica cell in a Unicam spectrophotometer, with the cell housing maintained at 35 C by circulating water. One enzyme unit is equivalent to the production of 0.48 m,umole of reduced nicotinamide adenine dinucleotide phosphate (NADPH2) in the first minute after the completion of the reaction mixture.
The protein produced by the mutant am-3 shows little catalytic activity in the above assay system. If, however, the protein is incubated with a high concentration of L-glutamate (133 mM) prior to the completion of the reaction mixture with NADP, comparable activity to the wild-type enzyme is observed. No increase in this activated activity is found after 4 min of incubation with the L-glutamate.
Protein estimations. Protein concentrations were estimated by the method of Lowry et al. (5) , with reference to a standard curve prepared with casein.
Preparation of antibodies. The preparation of the antibodies used in this work and their nomenclature have been described previously (8) . No difference was observed in antienzyme activity between serum and purified y-globulin prepared from that serum. In the majority of experiments designed to compare the effect of univalent and bivalent antibodies, purified ,y-globulin was used as the bivalent antibody preparation. In those experiments where whole serum was used, there was nothing to suggest that a comparison between the behavior of whole serum and univalent antibodies was not valid. Univalent antibodies were prepared by the method of Porter (7) . Fragments I, II, and III were not separated prior to use in experiments. Univalent antibodies were judged to be present because of the ability of the preparation to inhibit catalytic activity but not form precipitin bands on double-diffusion plates. The same preparation was able to block precipitin-band formation between the antigen and bivalent antibody.
RESULTS
Effect of bivalent and univalent antibodies on GDH. Initial studies by Roberts and Pateman (8) indicated that anti-GDH serum possessed both neutralizing and precipitating antibodies.
A comparison between the effect of bivalent and univalent antibodies is shown in Fig. 1 . Both types of antibody inhibited the catalytic activity, but the extent of inhibition was different. The residual activity with excess univalent antibodies was three times greater than with excess bivalent antibodies.
The residual activity is present in the enzyme- Michaelis constants with and without serum. The Michaelis constants for L-glutamate and NADP were determined in the presence and absence of serum ( Fig. 2 and 3 A regression analysis of the data (Fig. 4) gives r as equal to 2.16 for bivalent antibodies and 2.11 for univalent antibodies. These figures show the ratio of inhibiting antibodies to catalytic sites to be 2:1 for both types of antibodies.
Activation ofam-3. The activation of the altered GDH produced by the mutant am-3 was reported by Fincham (3) . A comparison was made of the effects of a number of organic compounds on the catalytic activity of the wild-type and am-3 extracts. The results of this survey are given in Table 1 .
The effect of the concentration of the activator on the activation was studied (Fig. 5) . Although the same maximal activation was obtained with both trisodium citrate and sodium L-glutamate, In the second case, the inhibition pattern was similar to that observed for wild-type enzyme, but, in the first case, inhibition was much more effective at higher serum concentrations.
Activation of am-3 by serum. In addition to activation by substrates, the am-3 protein was activated to a low level of activity in the standard assay system, by use of anti-am+ antibodies. In the am-3 assay system with a high concentration of L-glutamate, the antibodies inhibited the catalytic activity as with wild-type extract. However, in the standard assay system with a low concentration of L-glutamate, the am-3 protein showed little activity until the addition of the anti-am+ antibodies, when significant activity was observed. Neither univalent antibodies nor nonimmune serum showed this activation phenomenon ( Fig. 9 and 10 ). 
DiscussioN
A number of models proposed to account for the inhibition of enzyme activity by antibodies fail to account for the data presented for the glutamate dehydrogenase-anti-glutamate dehydrogenase reaction. In this case, the data are more compatible with the suggestion that the antibodies complex with the enzyme and alter the configuration of the enzyme molecule, thus affecting its catalytic activity.
If the antibodies complexed at the catalytic site, residual activity with excess antibodies might be attributable to a high dissociation constant for the antigen-antibody complex. The dissociation constant, however, is too low to account for the residual activity observed (1.1 X 10--moles per liter for the bivalent antibodies and 1.0 x I0" moles per liter for the univalent antibodies; Roberts, Federation Proc. 24:694, 1965).
Alternatively, steric hindrance might prevent the bivalent antibody molecules from complexing at all the catalytic sites, some remaining unaffected and showing the observed residual activity. One would then expect a lower residual activity with the smaller univalent antibodies where less steric hindrance would be found. Instead, the residual activity is greater in the presence of univalent antibodies.
Antibody molecules might hinder either partially or completely the access of the substrates to the catalytic site. Incomplete hindrance would be detected by an increase in the Kmn for one or both of the substrates in the presence of serum. No such increase was observed.
The residual activity in the case of complete hindrance would be due to antibodies which complexed with the enzyme but did not affect the catalytic activity. Such antibodies, however, could prevent inhibiting antibodies from complexing and blocking the catalytic site. Owing to their smaller molecular weight, fewer univalent antibodies would complex sufficiently close to the catalytic site to block the catalytic activity, thus accounting for the greater residual activity observed. However, the data show that the number of inhibiting antibody molecules per catalytic site is the same for both types of antibodies, 2:1.
Similar studies on lactic dehydrogenase (4) and luciferase (11) have shown a 1: 1 ratio for bivalent antibodies only. Smith et al. (10) , while working on carboxypeptidase, found a ratio of 1 :1 at 30 C and a ratio of 2:1 at 6.4 C, again for bivalent antibodies.
Before studying the inhibition of the activity of The spectrum of the activators of the altered protein produced by am-3 suggested that activation might be due to the chelating properties of the activators. However, the chelating agents dipyridyl and 8-hydroxyphenanthroline did not activate the mutant protein; neither did many amino acids with strong chelating properties. With the exception of histidine, all the activators possess a carboxymethyl group which is proposed as the general activating group. The extent of activation could not be attributed to the number of carboxymethyl groups on the activator molecule.
D-Glutamate activated am-3 protein but inhibited the wild-type enzyme activity; glutamine also inhibited the wild-type activity. These compounds probably act as competitive inhibitors.
The results given in Fig. 6a show that a plot of the reciprocal of the activity of the am-3 protein against the reciprocal of the substrate concentration yields a curve which can only be approximated by a parabola. However, when the This evidence is in agreement with the hypothesis that the catalytic site on the am-3 molecule after activation is the same as the catalytic site of the wild-type enzyme. This change in the catalytic site of the mutant protein is brought about by an activator complexed at a site other than the catalytic site, causing a change in the configuration of the catalytic site.
Substrates do not affect the inhibition of wildtype enzyme activity by antibodies, but the inhibition of am-3 activity is substrate-dependent. The data shown in Fig. 8 can be considered as demonstrating the effect of antibodies on activated and nonactivated am-3 protein.
In the experiments where the protein has been preincubated with L-glutamate (an activator) or incubated together with L-glutamate and serum, the antibodies are acting on activated am-3 protein which is inhibited as the wild-type enzyme. In the experiment where the am-3 protein is incubated with serum prior to activation, the inhibition pattern suggests that the antibodies prevent activation, either by preventing the activator from complexing with the mutant protein or by preventing the postulated change in the configuration of the catalytic site.
The inhibition of glutamate dehydrogenase activity by serum and the activation of am-3 protein by a number of activators are similar phenomena in that each involves the alteration of the existing catalytic site; one reduces the activity and the other increases it. Serum prepared against the wild-type enzyme activates the am-3 protein. The serum brings about the change in the configuration of the catalytic site of the mutant protein necessary to restore partial activity. Further addition of serum inhibits this, presumably by further changing the configuration of the catalytic site. In the active am-3, where the catalytic site has already been altered, addition of serum inhibits the activity.
Univalent antibodies do not activate am-3 protein, but they are also not as efficient at inhibiting the wild-type enzyme (greater residual activity). Both these observations could be due to the reduced efficiency of the univalent antibodies compared with the bivalent antibodies in altering the configuration of the catalytic site.
It seems, therefore, as though inhibition of the enzyme activity of both the activated am-3 protein and the wild-type protein by antibodies is -essentially the same. With the am-3 protein, there is, however, the additional observation that the antibodies interfere with activation. 
